We use an extension of the static-exchange density functional theory (DFT) method, previously reported in [E. Plésiat et al., Phys. Rev. A 2, 023409 (2012), E. Plésiat, P. Decleva, F. Martín, Phys. Chem. Chem. Phys. 31, 10853 (2012)], to evaluate vibrationally resolved (total and angular) K-shell photoelectron cross sections of methane. The calculated cross sections are in very good agreement with the existing experimental measurements at low photoelectron energies. We show that, in contrast with the rich interference patterns previously observed in molecular frame C(1s) photoelectron angular distributions of methane at both low and high photoelectron energy, no interference effects are observed in the calculated β parameters, even at high photon energies.
Introduction
The development of third-generation synchrotron radiation sources in combination with the improvement of the detection techniques have made it possible to study very fine structures in photoelectron spectroscopy at high photon energies. For example, it has given access to the vibrational structure (few tens to about a hundred of meV) [1] , to the measurement of the intrinsic line shapes and to the resolution of spectra associated with nearly degenerate energy levels such as the core orbitals of N 2 (less than 100 meV) [2] . In particular, the analysis of the vibrational spectra provides a lot of information among which the electronic configuration, the geometry change upon ionization, the nature of the bonds (bonding, non-bonding, anti-bonding), and even the molecular structure [3] .
In this new scenario, theoretical calculations are particularly useful since they help to resolve the experimental features and allow a better understanding of the mechanisms involved in the photoionization process. How-ever, vibrationally resolved photoionization is not easy to treat theoretically, mostly because it requires an accurate description of the continuum wave functions, which do not decay exponentially at large distances (as bound states do). Thus, for many years, theoretical calculations were performed in the fixed-nuclei approximation which assumes that the nuclei are fixed at their equilibrium positions. Obviously, this assumption is no longer valid to resolve the vibrational spectra. In this case, one must also calculate the electronic wave functions outside the equilibrium positions, since the nuclei move in the potential created by the electrons. This makes calculations significantly more expensive, since the electronic structure must be determined for many molecular geometries, including the equilibrium one used in the fixed-nuclei approximation. A highly accurate method including the nuclear motion and using a B-spline basis set has been applied successfully to H 2 , H + 2 and D 2 [4, 5] , also in the time domain [6, 7] . Unfortunately, such a method cannot be used to treat molecules with more than two electrons.
The general case requires the use of simpler methods, based on different approximations. Among all the reported existent numerical methods 1 , very few have been implemented to treat the nuclear motion. Many recent theoretical results published on the topic have been obtained by Cherepkov et al. by using the RPA method applied to diatomic molecules such as N 2 [8] [9] [10] and CO [11] [12] [13] [14] [15] [16] . Theoretical studies resolving the vibrational spectra of polyatomic molecules are rare because it requires to deal with few tens of electrons and various normal modes of vibration. Most of the vibrational spectra of polyatomic molecules have been calculated by Lucchese et al [19] , [20] and C 6 F 6 [20] . Moreover, almost none of the existent methods have been used to explore the photoelectron spectra in the high energy region because it requires a very accurate (and then expensive) description of the highly oscillating continuum wave functions.
The present work aims at studying theoretically the vibrationally resolved K-shell photoelectron spectra of methane in the high energy region. The method presented here and explained in more details in [21] is based on the Born-Oppenheimer approximation which permits to treat separately electronic and nuclear degrees of freedom. The electronic structure is calculated using the so-called static-exchange DFT method developed during the last 15 years by Decleva et al. [22] [23] [24] [25] . As the name suggests, it makes use of the DFT formalism and B-spline basis sets. The method has been originally used in the fixed-nuclei approximation and was proven to describe accurately the photoionization process in many molecular systems: H 2 [26] [38] , fullerene [39] . The paper is organized as follows. In Section II we describe the theoretical method. The results for total and vibrationally resolved K-shell photoionization cross sections are presented and discussed in sections II and IV, respectively. The vibrationally resolved electron asymmetry parameters are given in section V. Finally, in section VI, the conclusions of this work are summarized.
Theory
The theoretical method is the same as that described in references [3, 21] . Therefore, here we only summarize its basic ingredients. The vibrationally resolved photoionization cross section is evaluated to first order of perturbation theory within the Born-Oppenheimer and dipole approximations:
where
µ αη η is the dipole-transition matrix element between the initial electronic state, ψ 0 , and the final electronic continuum state, ψ αη η , of CH 4 , α denotes the electronic state of the residual ion, η the symmetry of the final state, χ M is the initial vibrational state, χ M + α is the final vibrational state, ω is the photon energy and ε is the photoelectron energy. The vibrationally resolved β parameter, which characterizes the angular distribution, is computed from the T matrix elements and phase shifts according to Chandra [40] . The electronic continuum states are evaluated by using the static-exchange density functional theory, DFT. In order to account for the nuclear motion, we have considered 60 different geometries associated to the symmetric stretching mode. They have been built by varying synchronously the four C-H distances. Exchange and correlation effects are described within the local density approximation (LDA). For each value of the C-H distance, the initial Kohn-Sham orbitals have been generated by running a standard LCAO-DFT calculation with the program Amsterdam Density Functional (ADF) using a Double ZetaPolarization (DZP) basis set. The resulting density is then used to build the hamiltonian matrix in a new basis set of B-spline functions and real spherical harmonics [3, 21] . We use both a one-center expansion (OCE) centered on the C atom, which allows us to correctly describe the long range oscillatory behavior of the continuum wave function, and four identical off-center expansions centered on the H atoms, which are used to accurately describe the cusps of the bound state wave functions at the nucleus positions. The radii of the corresponding boxes are 40 and 0.5 a.u.. The maximum value of the angular momentum is L = 13. All integrals in the hamiltonian matrix are calculated numerically by using a three-dimensional Gauss-Legendre scheme.
The bound electronic states are evaluated by diagonalization of the Khon-Sham hamiltonian and the continuum states by block inverse iteration [37] for each given photoelectron energy. Electronic dipole matrix elements are computed for 200 photoelectron energies. The vibrational wave functions are obtained by diagonalizing the vibrational hamiltonian in a basis of B-splines within a box of 10 a.u.. For he latter hamiltonian we have used the accurate Morse potentials of CH 4 and CH + 4 given in [41] . Figure 1 shows the core photoionization cross section of CH 4 for photon energies up to ∼368 eV. The agreement between the present static-exchange DFT results and the experimental data is very good, better than for the theoretical prediction reported in [42] based on the Schwinger variational method. Although rather broad, the experimental structure at ∼ 300 eV can be attributed to doubly excited states resonances. This assumption is consistent with the fact that theoretical calculations do not lead to such variation in the cross section. According to [43] 1 2 ). At higher energies, the discrepancy between experiment and theory is not understood. In contrast with many molecular systems, CH 4 does not present any pronounced shape resonance because hydrogen atoms cannot compete against the attractive potential created by the central carbon atom. 4 are less structured and do not present deep minima. Also, it has to be noticed that the = 1 partial wave is dominant in the whole photon energy range, reflecting the atomic character of the initial MO and the relatively isotropic molecular potential. In spite of this, some oscillations can be observed as a function of photon energy. As discussed in [3, 44] , they are due to intramolecular scattering of the ejected photoelectron. Therefore, they carry information about the molecular structure.
Total cross sections

Vibrationally resolved cross section
As anticipated above, vibrational progressions strongly depend on the geometry of the molecule. For this reason, a good theoretical description of the geometry of the neutral and core-ionized states of methane is crucial. As for core photoionizations of N 2 and CO, the real computational challenge lies in the description of the core-ionized state which is higher in energy than the other excited states of the cation. Then, one has to prevent the mixing of such states in the variational procedure by defining macro-iterations where valence and core MOs are separately optimized [41] . In the case of methane, Karlsen ) have been used in the present work to derive the Morse potentials which permit to calculate the vibrational wave functions and the corresponding vibrational energies. Figure 3 shows the vibrationally resolved cross sections for photon energies up to ∼368 eV. Agreement between theory and experiment is very good and shows that the vibrational structure has been calculated correctly. No relative variations of the vibrational components in the vibrationally resolved absolute cross sections are observed, which is consistent with the fact that CH 4 does not exhibit shape resonances. As discussed in [21] , these relative variations are better observed in the ratios of vibrationally resolved cross section (the so-called -ratios); however, apart from a pronounced dip around 320-340 eV [45] , whose origin is still unknown, such ratios do not exhibit pronounced structures in the low photon energy range considered in figure 3 . In contrast, pronounced oscillation of the -ratios as a function of photon energy have been predicted and observed [3] . As for the partial waves shown in figure 2 , the origin of these oscillations is intramolecular scattering of the photoelectron by the peripheral hydrogen atoms. As this effect has been discussed in detail in [44] , we will not further elaborate upon this point here.
β asymmetry parameter
Signatures of molecular structure have also been predicted to appear in photoelectron angular distributions at 4 as a function of the photon energy. Circles correspond to experimental data from [43] . Solid lines correspond to the present static-exchange DFT method.
low and high photon energy, for both randomly oriented molecules (characterized by the β asymmetry parameter, as defined in equation (11) of reference [46] ) and fixedin-space molecules (the so called molecular frame photoelectron angular distributions, MFPAD). For example, in the case of N 2 and CO [46] , two-center interferences leave their signatures in the β asymmetry parameter and the MFPAD at high energies. Interferences due to intramolecular scattering have also been predicted to leave their signature in the MFPADs of polyatomic molecules, including CH 4 [47, 48] . In this section we study the angular distributions corresponding to the C1s photoionization of methane in the laboratory frame. The vibrationally and non-vibrationally resolved theoretical results are compared with experimental data taken from the literature. Figure 4 shows the vibrationally resolved β asymmetry parameter for two different photon energy ranges: up to 380 eV (left panel) and up to 1080 eV (right panel). It can be seen that the different vibrational components have a very similar behavior. In all cases, the static exchange DFT results agree qualitatively well with the vibrationally resolved experimental data.
The theoretical results do not reproduce the inflection point that is observed experimentally at ∼ 310 eV. TDDFT calculation performed at the fixed nuclei approximation and published in [28] do not lead to a better agreement in this energy region. This seems to confirm that the non-monotonous behavior of the β values at ∼ 310 eV is probably due to doubly excited states. It can be seen that the values of β are close to unity near threshold and tend rapidly to two with increasing photon energy. Then, in the laboratory frame, the angular distribution does not present any traces of the diffraction effects observed in the MFPADS or in the -ratios. Moreover, above ω ∼ 400 eV, the β asymmetry parameter has an almost perfect atomic character.
Conclusion
In conclusion, we have shown that the extension of the static-exchange DFT method reported in [3, 21] , which incorporates the effect of the nuclear vibrations in the framework of the Born-Oppenheimer approximation, leads to vibrationally resolved (total and angular) C(1s) photoelectron cross sections of methane in very good agreement with the existing experimental measurements at low photoelectron energies. No trace of shape resonances has been observed in the calculated cross sections. We have also shown that, in contrast with the rich interference patterns previously observed in the molecular frame photoelectron angular distributions of methane at both low and high photoelectron energy, nothing similar is observed in the calculated β parameters, even at high photon energies. Consequently, laboratory frame photoelectron angular distributions do not seem to be useful to provide structural information of molecules such as CH 4 .
